The generation and manipulation of entanglement between isolated particles has precipitated rapid progress in quantum information processing. Entanglement is also known to play an essential role in the optical properties of atomic ensembles, but fundamental effects in the controlled emission and absorption from small, well-defined numbers of entangled emitters in free space have remained unobserved. Here we present the control of the emission rate of a single photon from a pair of distant, entangled atoms into a free-space optical mode. Changing the length of the optical path connecting the atoms modulates the single photon emission rate in the selected mode with a visibility V = 0.27± 0.03 determined by the degree of entanglement shared between the atoms, corresponding directly to the concurrence Cρ = 0.31 ± 0.10 of the prepared state. This scheme, together with population measurements, provides a fully optical determination of the amount of entanglement. Furthermore, large sensitivity of the interference phase evolution points to applications of the presented scheme in high-precision gradient sensing. Collective emission and absorption properties of entangled emitters have been extensively studied in ensembles of neutral atoms [1][2][3][4], where in general, the number of emitters fluctuates and the control of the quantum state of each emitter is challenging. To observe the coherent interaction of light with a definite number of entangled emitters it is necessary to achieve simultaneously sub-wavelength emitter localization, high-fidelity entanglement generation and atom-light coupling strong enough to detect an optical signal at very low photon flux. Experimental systems motivated by quantum computation have enabled excellent control over position and entanglement with well-defined and steadily increasing numbers of particles [5] [6] [7] . Meanwhile, the pursuit of ondemand single photons, strong atom-light coupling, and fast quantum state readout has advanced the collection efficiency of light from single emitters [8] [9] [10] [11] . Together these developments enable the investigation of entanglement in collective atom-light interactions in the few-atom limit [12, 13] .
The generation and manipulation of entanglement between isolated particles has precipitated rapid progress in quantum information processing. Entanglement is also known to play an essential role in the optical properties of atomic ensembles, but fundamental effects in the controlled emission and absorption from small, well-defined numbers of entangled emitters in free space have remained unobserved. Here we present the control of the emission rate of a single photon from a pair of distant, entangled atoms into a free-space optical mode. Changing the length of the optical path connecting the atoms modulates the single photon emission rate in the selected mode with a visibility V = 0.27± 0.03 determined by the degree of entanglement shared between the atoms, corresponding directly to the concurrence Cρ = 0.31 ± 0.10 of the prepared state. This scheme, together with population measurements, provides a fully optical determination of the amount of entanglement. Furthermore, large sensitivity of the interference phase evolution points to applications of the presented scheme in high-precision gradient sensing. Collective emission and absorption properties of entangled emitters have been extensively studied in ensembles of neutral atoms [1] [2] [3] [4] , where in general, the number of emitters fluctuates and the control of the quantum state of each emitter is challenging. To observe the coherent interaction of light with a definite number of entangled emitters it is necessary to achieve simultaneously sub-wavelength emitter localization, high-fidelity entanglement generation and atom-light coupling strong enough to detect an optical signal at very low photon flux. Experimental systems motivated by quantum computation have enabled excellent control over position and entanglement with well-defined and steadily increasing numbers of particles [5] [6] [7] . Meanwhile, the pursuit of ondemand single photons, strong atom-light coupling, and fast quantum state readout has advanced the collection efficiency of light from single emitters [8] [9] [10] [11] . Together these developments enable the investigation of entanglement in collective atom-light interactions in the few-atom limit [12, 13] .
Previous experiments have shown free-space or cavitymediated interference from atoms in separable states [14] [15] [16] , where each atom emits a photon independently, or demonstrated enhancement and suppression of singlephoton emission in a cavity mode from an entangled state of two atoms [13] . In this Letter we present the first observation of interference in the spontaneous emission of a single photon into free space, emitted jointly by a pair of atoms prepared in a well-characterized entangled state. The atoms are trapped adjacently but share a common optical mode in which their effective optical separation is d 60 cm. The interference we observe in the single-photon emission probability arises solely from the entanglement present in the two-atom state [17] . With this arrangement we directly observe both enhancement and inhibition of single-photon emission from the atoms by controlling the optical distance between them in the common mode. This distance can be set dynamically during an experimental sequence, with sub-wavelength precision and over time scales well below the lifetime of the entangled state.
In order to study the optical properties of entangled particles, we first entangle two atoms. Entanglement can be achieved, e.g., with schemes relying on motional and internal atomic states [18] [19] [20] , or through the coincident detection of two photons [16] . Here we use a scheme requiring only the detection of a single photon, proposed by Cabrillo et al. [21] and demonstrated in [22] . Two Doppler-cooled 138 Ba + ions, with electronic structure shown in Fig. 1(a) , initially prepared in an electronic ground state |g − = |6S 1 2 , m j = − Fig. 1(b) . A magnetic field B is applied along the trap axis, defining the quantization axis. Part of the emission of the atoms is coupled to a π-polarized, wavelength λ = 493 nm common mode by using in-vacuum lenses (L1 and L2) and the distant mirror (M), see Fig. 1 Detecting a π-polarized herald photon during a weak excitation pulse prepares a two-atom entangled state. A further, stronger excitation scatters a π-polarized witness photon from the entangled state in the common mode with a probability that depends on the phase difference ∆φ. (c), Two 138 Ba + ions, A and B, are trapped and cooled in a linear Paul trap, separated by a distance z 5.2 µm. The radiation fields are collimated using two identical in-vacuum high numerical aperture lenses (L1 and L2). A mirror (M) at a distance d/2 30 cm superimposes emissions from the ions so that they are coupled to a common spatial mode. The mirror is mounted on piezo transducers (PZT) that allow fast sub-wavelength control of the atom-atom distance in the common optical mode. A polarizing beam splitter (PBS) selects π-polarized photons, which are coupled to a single-mode fiber (SMF) and detected by an avalanche photodiode (APD). A Michelson interferometer enabled by a flip mirror (FM) is used to calibrate the PZT-mirror voltage-displacement response.
its polarization. Detection of a single 'herald' photon in this common mode projects the atoms onto the entangled state [22] 
which belongs to a decoherence-free subspace [23] . The probability of generating this state is 2p e (1 − p e )η, where η is the overall detection efficiency of a single photon. The phase φ of the entangled state is given by
where φ LB − φ LA = kz is the phase difference of the exciting laser field at the positions of the atoms A and B, φ DB − φ DA = −kd is the phase difference associated with the path followed by a photon emitted by atom A or B on its way to the detector, and k = 2π/λ. We estimate a fidelity F = 0.65 ± 0.02 between the experimentally generated state and the ideal entangled state |ψ by measuring parity oscillations [24] . The spatial, spectral and polarization indistinguishability of the detected photons is characterized by the value of the second-order correlation function at zero delay g (2) (t = 0) = 0.99 ± 0.06, close to perfect indistinguishability, so that the fidelity is limited by other factors, primarily atomic motion (for details on entanglement generation and characterization see Supplementary Information sections 1 and 2). The herald photon detection rate, which corresponds to the rate of entanglement generation, is 5.02 s −1 . If we further excite the entangled atom pair with the σ + -polarized beam, only the component of the entangled state in |g − may absorb a photon and spontaneously decay to |g + , emitting a second photon. The state of the joint atom-photon system after completing this second Raman process is
The field states |1, 0 and |0, 1 correspond to the emission of a single photon from atom A or B. The detection of a 'witness' photon in the common mode projects the atoms onto the unnormalized state
where φ DA − φ DB = kd is the optical phase difference in the common mode when the witness photon is detected. The probability of detecting a single witness photon is
where φ = (φ LB − φ LA ) + (φ DB − φ DA ). The witness photon detection probability is modulated by the phase Absolute (P ) and relative (R) witness photon probability from the atom pair as a function of the phase difference ∆φ for the entangled state |ψ (blue circles) and the separable state |ζ (orange squares). Error bars correspond to the Poissonian error from photon counting. The blue solid curve is the amplitude and offset fitted scattering model for the entangled state, while the black dashed curve shows the expected probability from the independent estimation of its concurrence. The gray dashed line is the average of the fitted curve. The witness photon detection probability for |ψ is maximally enhanced at ∆φ = 0, 2π and maximally suppressed at ∆φ = π. The photon detection probability for |ζ is constant within the measurement uncertainty.
difference ∆φ = φ − φ between the herald and witness detection events. This effect is a consequence of entanglement between the two emitters and corresponds to enhancement or inhibition of the emission probability in the common mode due to single-photon path interference [17] .
We vary the phase difference ∆φ by rapidly changing the position of the distant mirror from d/2 to d /2 between the two detection events within a time τ ≤ 220 µs, while maintaining a fixed interatomic distance z, so that
. This allows precise phase control in short times without motional excitation of the ions. In order to efficiently generate a witness photon from the entangled state a laser pulse, stronger than the pulse used to create entanglement, is used, with a |g − → |g + transition probability p w = 80 ± 2 % for a single atom. The full sequence is described in Supplementary Information section 4. We measure the witness photon detection probability P by counting the number of witness photons per herald photon for a given phase change ∆φ. The results of the measurement, together with the amplitude-and offset-fitted model from Eq. (5), are plotted in Fig. 2 . The maximum and minimum measured probabilities are P (∆φ = 0) = (2.10 ± 0.07) × 10 and P (∆φ = π) = (1.17 ± 0.12) × 10 −3 . It has been established theoretically, but not previously observed, that the visibility of the interference fringes in radiation from a pair of two-level emitters with a single excitation should be equal to the concurrence of the bipartite quantum state [25, 26] , see Supplementary Information section 5. The visibility V obtained by the fitted model implies then a concurrence of the entangled atom pair C wit = V = 0.27 ± 0.03, in agreement with the concurrence of the bipartite density matrix inferred from parity measurements C(ρ par ) = 0.31 ± 0.10. The fidelity of the entangled state, and therefore the visibility of the fringes, is limited by the motion of the atoms (Supplementary Information section 2).
For comparison we measure the photon detection rate for a separable two-atom state |ζ = |g + , g − . This state is prepared using a combination of optical pumping in the |g − state, a 1.76 µm addressed shelving pulse on the |g − ↔ |5D 5 2 , m j = − 5 2 transition on atom B, a global RF π-pulse between the |g − and |g + states of both ions, before un-shelving atom B. We trigger the emission of a witness photon from this state by using an excitation beam with the same parameters used for emitting a photon from the state |ψ . The witness photon detection probability for |ζ , which is the mean number of photons detected per prepared state, is shown in Fig. 2 (orange squares) as a function of the optical phase ∆φ. In contrast to the entangled state |ψ , the photon probability P |ζ for the separable state |ζ is independent of the phase difference, with an average detection probability P sep = (1.63 ± 0.05) × 10 −3 . The observed visibility for this state is ≈ 0, in agreement with the expected vanishing concurrence of the state. We define the relative probabilities R = P (∆φ)/P sep , so that R > 1 (R < 1) represents enhanced (suppressed) detection probability relative to this separable state. The relative scale is shown in Fig. 2 , right vertical axis. Because states |ψ and |ζ both contain a single atom in |g − , we expect the mean detection probabilities from each state to be equal (Supplementary Information section 5). The mean of the fitted interference curve for R |ψ in Fig. 2 is 0.99 ± 0.08, in close agreement with the mean of R |ζ . The case of a more general separable state is studied in Supplementary Information section 5.
The witness photon detection probability P is also sensitive to any phase accumulated by the entangled state between the emission of herald and witness photons. For example, the presence of a static magnetic field gradient between the ions induces a linear increase of the entangled state phase φ [27, 28] . We measure the magnetic field gradient due to an external permanent magnet by recording the evolution of the witness photon emission probability with a variable delay between the herald and witness photons. The results are shown in Fig. 3 for mirror displacements corresponding to ∆φ = 0 (blue) and ∆φ = π/2 (orange). Oscillations observed in both signals correspond to a linear evolution of the entanglement phase with a π/2 phase shift respect to each other. The period of the oscillation obtained from the fit (blue curve) of the data for ∆φ = 0 is 8.0 ± 0.5 ms. The orange curve is the same fit shifted by π/2, and shows agreement with the measured data for ∆φ = π/2. The period of the oscillation implies a magnetic field gradient of 0.85 ± 0.05 mT/m along the ion crystal. The same measurement is taken in absence of magnetic field gradient for ∆φ = 0 (Fig. 3, purple diamonds) , where the signal remains constant since dephasing effects are negligible on the measured time scale. The coherence time of the entangled state in the decoherence-free subspace is expected to be orders of magnitude longer than the time scale of the shown phase evolution [23] . While super-and subradiance, i.e., modifications of the global spontaneous emission rate, have been previously observed with a pair of trapped atoms [29] , here we have shown the control of the single-photon emission rate into a selected free-space optical mode. This opens the way to experimental studies of optical properties of entangled states of a few well-controlled emitters [17, 25, 30, 31] such as trapped ions as presented here, or neutral atoms in more versatile trapping configurations [32] . The free-space configuration imposes no fundamental constraints on the direction of emission, the number of entangled particles, or their mutual distance. The phases of the emitters in the detected optical mode can be tuned arbitrarily, allowing the observation of the complete interference signal; this is in contrast to FabryPerot cavity systems [12, 13] in which the relative phase of the emitters is restricted to 0 or π by the cavity mode. The agreement between measurements of entanglement using single-photon interference visibility and independent measurements of internal states populations confirms that the observed interference can be employed for the estimation of entanglement between distant particles, without any requirement on coherent control over internal atomic states [25, 30, 33] . Such a scheme is also applicable to quantum objects with different internal structures and emission spectra [34] , and should allow the observation of entanglement between non-identical atoms or general disparate quantum emitters [5, 30, 35, 36] .
The spatial differences of various environmental factors are mapped directly into interference of photons from entangled particles through the evolution of the phase of the entangled state, as shown here for the case of magnetic field gradients. This points to potential applications in quantum metrology [37] ; together with all-optical preparation of distant entangled states [16, 22] and recent developments in the stabilization of large fiber networks [38] , the technique presented here may enable the development of ultra-sensitive optical gradiometers [39] . 
The two
138 Ba + ions are confined in a linear Paul trap and Doppler-cooled using the 6S 1/2 − 6P 1/2 transition driven by a λ = 493 nm laser beam together with a copropagating repump beam at 650 nm driving the 5D 3/2 − 6P 1/2 transition [1] . These two beams are oriented at 45
• with respect to the trap axis to simultaneously cool the radial and axial motional modes. A magnetic field B = 0.453 mT parallel to the ion crystal axis creates a Zeeman splitting of 12.7 MHz between the ground states |g − = |6S 1/2 , m j = − Fig. S1a ). In order to create entanglement we weakly drive the Raman process |g − → |i → |g + as described in the main text, emitting a π-polarized photon. The collected emission of both ions is superimposed into the single mode fiber (SMF) using the in-vacuum NA = 0.40 objectives L1 and L2 and a distant mirror M (Fig. 1c,  main text) .
The Raman process is implemented by applying a weak global σ + -polarized exciting laser pulse along the ion crystal, with 48 ns length and 95 nW mean power. The strength of the excitation pulse is set in order to obtain a single-ion |g − → |g + transition probability p e = 6±1 %, with a probability 2p e (1 − p e )η of detecting an entanglement heralding event. The value chosen for p e corresponds to a trade-off between entanglement generation rate and suppression of double excitations [2] .
Indistinguishability of the detected single photons emitted by the two atoms is essential for the creation of entanglement. While the PBS and the SMF ensure that the detected photons have the same polarization and spatial mode, the indistinguishability is reduced by a detection rate from atom A amounting to only 60% of that from atom B. This imbalance is due to larger optical losses for the atom A due to additional propagation through an in-vacuum lens, optical viewport, and reflection on the distant mirror, and to spatial mode mismatch after propagation along this path. This imbalance is compensated by a precise angular adjustment of the distant mirror and of the SMF coupler, reducing the detection rate of atom B to that of atom A.
The degree of indistinguishability is characterized prior to the entanglement generation experiment by measuring the second-order correlation function g (2) (t) of the fluorescence light emitted by the two atoms in the common mode using a Hanbury Brown and Twiss detection scheme (see Supplemental material in [3] ). For this, the π-polarized output of the PBS is coupled to a singlemode fiber 50/50 beam splitter, and detected with an APD at each output. The measured indistinguishability is g (2) (t = 0) = 0.99 ± 0.06, close to the ideal value of 1 for completely indistinguishable emitters. Totally distinguishable photons would give g (2) (t = 0) = 0.5 [3] . The phase φ of the entangled state |ψ = 
, and can be adjusted by varying the mirror position using three piezoelectric transducers supplied with the same voltage, placed on the mount of the mirror. After recording the interference fringes of the σ + and σ − -polarized photons scattered during the cooling stage, detected trough coupling the second output of the PBS to a single-mode fiber and a second APD ( Supplementary  Fig. S2 ), one can set φ to the desired value. Note that the phase φ of the entangled state only needs to be set when characterizing the entangled state through parity oscillations (see Supplementary Section ). The scattering probability of a witness photon from the entangled state |ψ depends solely on the phase difference ∆φ = φ − φ between the herald and witness detections (see Supplementary Section ).
Entanglement characterization
We characterize the entangled state following the procedure described in [3] . After the detection of a herald photon the populations of ρ g−,g− , ρ g+,g+ and ρ g+,g− + ρ g−,g+ of the experimentally generated state ρ are measured by electron shelving; the |g − population is first transferred to the metastable state |5D 5/2 , m j = − Measuring the oscillations in the expectation value of the parity operator [4] after driving global rotations in the qubit basis {|g − , |g + } with an RF field at 12.7 MHz (produced by an external antenna) allows us to confirm the presence of entanglement and bound the coherence between |g + , g − and |g − , g + . Assuming that all other coherences are zero as there is no mechanism that would generate them, we estimate a fidelity of the state generated with φ = 0 with the entangled state |ψ (Eq. 1 in main text) of F = 0.65±0.02. We observe that the parity operator oscillates with amplitude 1.2±0.1, similar to the previous realization [3] . The fidelity is limited largely by atomic motion. After Doppler cooling, the amplitude of the atomic motion in the trap is ≈ 30 nm in both radial directions. This motion, which is a superposition of the in-phase and out-of-phase modes, produces a fundamental uncertainty in the atomic positions at the moment of the emission, and a corresponding phase uncertainty in the emitted photon. A mathematical description of the effect is found in the Supplementary Information of [3] . The effect of the motion can be reduced, e.g., by performing sideband cooling to the ground state of motion. However, experimental sequences including ground state cooling have a duration nearly ten times that of sequences with Doppler cooling only, lowering the entanglement rate dramatically and making them impractical. Other effects reducing the fidelity are the atomic recoil during Raman scattering, initial population imperfections and qubit decoherence (the system is taken out of the decoherence-free subspace for parity measurements, with a coherence time ∼ 120 µs).
With the same assumptions it is possible to estimate the concurrence of the experimentally created entangled state, C(ρ) ≈ 0.31. Using the general inequality for density matrices ρ n,n ρ m,m ≤ |ρ n,m | 2 it can be shown that the presence of coherences neglected in our approximation would not decrease the value of the concurrence.
Fast tuning of the optical path between the atoms
In order to vary the phase difference ∆φ = φ − φ and observe the interference fringes in the single photon emission from the entangled pair of atoms |ψ , the optical path between the atoms in the common mode is rapidly changed from d to d between the emissions of the herald and witness photons. This is achieved by displacing the distant mirror using its piezoelectric transducers while keeping the distance z of the ions in the trap constant, resulting in a phase difference ∆φ = k(d −d). 15.8 µW laser pulse is applied to the atom pair, which may emit a witness photon. The voltage ∆U is obtained from the interference signal of the laser-cooled atoms (see Supplementary Section and Supplementary Fig. S2  above) . For the calibration of the phase change ∆φ as a function of the delay τ we implement a simple method using the fact that the photon emission from the entangled atom pair depends only on the relative phase ∆φ. A Michelson interferometer is inserted into the experiment using a flip mirror (Fig. 1c in the main text) . The signal of the interferometer is recorded at λ = 493 nm for the voltage ramp described above, with an offset voltage of 47.9 V (Supplementary Fig. S3 ). Some of the delay times used in the experiment are τ 0 = 60 µs for ∆φ = 0, τ 1 = 93 µs for ∆φ = π/2, τ 2 = 129 µs for ∆φ = π, τ 3 = 164 µs for ∆φ = 3π/2 and τ 4 = 203 µs for ∆φ = 2π. To obtain the phase difference ∆φ = 5π/2 we apply a larger voltage step of 18.0 V and a delay time of 220 µs. The angular alignment of the distant mirror is adjusted every 1 h by maximizing the visibility of the interference fringes shown in Supplementary Fig. S2 .
Full experimental sequence
Each sequence begins with 300 µs of Doppler cooling followed by up to 30 attempts to generate entanglement. Each of these attempts consists of 20 µs of optical pumping with a σ − -polarized pulse to initialize the state |g − , g − , followed by a weak σ + -polarized excitation pulse with 48 ns length and 95 nW mean power, such that the probability of the Raman process |g − → |g + is p e = 6 ± 1% for a single atom. The second part of the sequence is triggered by the detection of a photon in the common optical mode by APD, heralding entanglement. Photons emitted in the other possible decay channel, with wavelength 650 nm, are filtered out using a bandpass filter with 97 % transmittance at 493 nm and 20 nm bandwidth. The overall detection efficiency is η 0.002, constrained primarily by the NA = 0.40 of the in-vacuum lenses, which allows us to collect ∼ 6 % of the spontaneous emission from the desired transition in the common mode. Additional optical losses are caused by the lenses and viewports, reflection from the distant mirror, the rest of the optical elements and imperfect coupling into the single-mode fiber, with combined transmission T 0.07. The quantum efficiency of the APD is ∼ 70 %.
During the second part of the sequence the mirror is displaced and a witness photon is generated by a σ + -polarized pulse with 250 ns length and 15.8 µW mean power, such that p w = 80 ± 2 % for a single atom. This pulse can be chosen substantially stronger than the entanglement generation pulse because the atom pair in state |ψ cannot emit multiple photons. The sequence is repeated at a rate 704 s −1 , creating 5.02 entanglement events per second, while the witness photon is detected at an average rate 0.47 min −1 . Due to software and hardware improvements in the experiment control system we have been able to generate entanglement at a rate 19 times higher than in our previous realization [3] without reducing the fidelity of the generated entangled state.
Emission from entangled and separable states
Following the calculations in [5] and considering that in our case a π-polarized photon is emitted every time the transition |g − → |g + is completed, the probability Let us first consider states with a single excitation, i.e., belonging to the subspace defined by the basis {|g − , g + , |g + , g − }. From Eq. (1), the intensity for the entangled state |ψ , I |ψ = 1 + cos(∆φ), shows a cosine dependence, while for the separable state |ζ , I |ζ = 1 is constant. The visibility of the intensity I, defined as (I max − I min )/(I max + I min ) are V |ψ = 1 and V |ζ = 0 for |ψ and |ζ respectively. For a general state in this subspace |α = a|g − , g + , + b|g + , g − , the visibility is V |α = 2|ab|, which equals the concurrence of the state, C |α = V |α . The measured probabilities for |ψ and |ζ are presented in Fig. 2 in the main text, showing agreement between the measured visibility and the expected concurrence.
For the most general state of the bipartite system |β = a|g − , g + , + b|g + , g − , + c|g − , g − , + d|g + , g + , the intensity is I |β = |a| 2 + |b| 2 + 2|c| 2 + 2 (a * be i(ϕ A −ϕ B ) ). (2) The visibility is
while the concurrence is given by C |β = 2|cd − ab|.
Eq. (3) shows that a separable state can still lead to interference, so that, in general, the visibility does not correspond to the concurrence. For the separable state |ξ = 1 2 (|g − + |g + ) ⊗ (|g − + |g + ), where a = b = c = d = 1/2, the visibility is V |ξ = 1 2 , while the concurrence is C |η = 0. The single photon detection probability for the state |ξ , prepared using RF global pulses on the |g − → |g + transition, is shown in Supplementary Fig. S4 . We observe a visibility V |ξ = 0.15 ± 0.08, which is approximately, as expected, half the visibility V |ψ = C wit = 0.27 ± 0.03 measured for the entangled state (see main text).
